Abstract. Our recent work [1] theoretically revealed that speckles can be formed when nanofluids containing a modest volume fraction of nanoparticles are illuminated by a monochromatic laser beam. This paper focuses on the key issues, including the experimental setup, the particle volume fraction of the nanofluid, the flow velocity of the nanofluid and the diameter of the pipe, in measuring the velocities of nanoparticles in nanofluids with laser speckle velocimetry (LSV). First an experimental setup is established according to the optical characteristics of nanoparticle and the measuring principles of particle image velocimetry (PIV) and LSV. Then a conclusion is made from the experimental results that clear speckle patterns can be formed when the particle volume fraction is between 0.0005% and 0.002% is able to form. Finally, in order to make it applicable to utilize LSV to measure the velocities of nanoparticles in nanofluids that flow in pipe, nanofluids can not flow too fast and the diameter of the pipe should not be too small.
Introduction
Nanofluids [2] have recently been demonstrated to have great potential for improving the heat transfer properties of liquids. One fascinating feature of nanofluids is that they have anomalously high thermal conductivity [3] [4] [5] [6] , which makes nanofluids strong candidates for the next generation of coolants for improving the design and performance of thermal management systems. Researchers have been perplexed for the past five years with the unusually high thermal conductivity of nanofluids. However, recently the convection caused by the Brownian motion of nanoparticles is proposed to be one of the major physical mechanisms of the thermal conduction of nanofluids by a number of researchers [7] [8] [9] [10] [11] [12] [13] . Therefore, it is significant to investigate the movements of nanoparticles in nanofluids.
Our recent work [1] theoretically revealed that speckles can be formed when nanofluids containing a modest volume fraction of nanoparticles are illuminated by a monochromatic laser beam, and LSV was proposed to measure the velocities of nanoparticles in nanofluids.
This paper focuses on the key issues in utilizing LSV to measure the velocities of nanoparticles in nanofluids. Firstly, on the basis of analyzing the optical characteristics of nanoparticle and the measuring principles of PIV and LSV, an experimental setup is established for LSV to measure the velocities of nanoparticles. It can also be concluded from the analysis that the particle volume fraction of nanofluid is one of the key issues in measuring the velocities of nanoparticles in nanofluids with LSV. Therefore, in order to determine the proper particle volume fraction for the formation of clear speckles, the light transmittance of the nanofluids containing different volume fractions of Fe 3 O 4 nanoparticles at different laser powers is measured and speckle patterns at different particle volume fractions are recorded by CCD-camera. Furthermore, for nanofluids that flow in pipe, more constraint conditions must be satisfied to make sure that there is a fixed relationship between the velocities of the nanoparticles and the velocities of the speckles formed. Hence, the theory of fluid mechanics is applied to analyze the flow of nanofluids in pipe and a final conclusion is made.
Experimental setup
PIV (14, 15) and LSV (16, 17) are both well-established, powerful flow visualization techniques so as to capture the velocity of whole flow fields. They both seed the transparent fluids with some visible teeny particles to trace the fluid flow. Generally, the particles used are of micron magnitudes to guarantee the visibility and the tracing ability of the particles.
According to Adrian [18] and Yao's research, the main difference between LSV and PIV is the concentration of the seeding particles in fluid. When the concentration is low, the distances between particles are so long that the scattering lights can not interfere, therefore, separate particle images will be formed on the recording film. This is particle image mode. As illustrated in Fig. 1 , in PIV, the flow is seeded with very small particles which are illuminated in a thin laser light sheet twice for a very short time. Particle images are directly recorded by CCD-camera. Due to the double exposure most of the particles are caught twice at slightly different positions. Then the displacement of the particle images is obtained by correlating the particle image pairs. Taking the known time interval between the pulses into account, the displacement of the two images of a particle is a measure for the local velocity. Fig. 1 The experimental setup when the particles are of micron magnitudes [19] However, when the concentration is high, the distances between particles are short enough to satisfy the spatial interference condition. In this instance, the scattering lights from multiple particles will interfere with each other and speckles are formed on the recording film. This is speckle pattern mode. In LSV, speckle patterns are also recorded by CCD-camera twice and the time interval is very short. The displacement of the speckles can be obtained by correlating the speckle pairs. Consequently, taking the time interval into account, the velocity of the speckle is obtained. Since there is a fixed relationship between the movements of the speckles and the movements of the particles, the velocities of the particles are also obtained.
However, things are different when considering nanofluids in which nanoparticles are distributed. It is Rayleigh scattering that acts when a nanoparticle is illuminated by laser light whose wavelength is much bigger that the diameter of the nanoparticle. According to the Rayleigh scattering theory, it is known that nanoparticle has strong absorption and extremely weak scattering of the visible light. When a nanoparticle is illuminated by a polarized laser beam (as illustrated in Fig. 2 ), the intensity of the scattering light is proportional to sin 2 θ. Therefore, when nanoparticles are illuminated by laser light sheet as shown in Fig. 1 , the scattering lights reach the image plane are so weak that their intensities almost approach zero. Hence, available PIV technique is not suitable for measuring the velocities of nanoparticles in nanofluids, because image of a single nanoparticle can not directly be formed on the recording film. 
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As far as LSV is concerned, speckle pattern can not be recorded by CCD-camera also with the experimental setup shown in Fig. 1 . It can be concluded from Fig. 2 that the scattering lights forward is the strongest, therefore, the experimental setup for LSV is established as Fig. 3 , in which nanofluids that flow in pipe are perpendicularly illuminated by monochromatic parallel laser light and a screen or a CCD-camera is mounted perpendicularly to the axis of the incident laser light to observe or to record the speckles. It is validated by our recent work [1] that speckles can be formed on the screen as long as the particle volume fraction is kept proper. Fig. 3 The experimental setup of LSV when measuring the velocities of nanoparticles in nanofluids The determination of proper particle volume fraction
The particle volume fraction of nanofluid is crucial to the formation of speckles. Therefore, it is one of the key issues that should be paid attention to. Firstly, the particle volume fraction should not be too big. It is because that the incident laser light decays hard through nanofluid containing too many nanoparticles which have strong absorption of the visible light. Secondly, when the particle volume fraction is too small, speckles can not be formed. It is because that the scattering lights from multiple nanoparticles do not satisfy the spatial interference condition when the distances between nanoparticles are too long.
In order to determine the proper particle volume fraction for the formation of clear speckles, the light transmittance of nanofluids at different particle volume fractions and different laser powers are measured with light power meter, and the speckle patterns are recorded by CCD-camera. Nanofluids used in our experiment consist of water and a certain volume fraction of Fe 3 O 4 nanoparticles whose average diameter is 20nm. As illustrated as Fig. 4 , a vessel filled with quiescent nanofluids is illuminated perpendicularly by a monochromatic parallel continuous laser beam with wavelength of 532nm and a power meter or a CCD-camera is mounted parallel back of the vessel to measure the power of the transmitted light or to record the speckles. Fig. 4 Experimental setup for determining the proper particle volume fraction While the laser powers are respectively 15.6mW, 20mW, 22mW and 28.2mW, the transmittance ratio at different particle volume fractions are illustrated as Fig. 5 . It can be found that the particle volume fraction is the prime factor that influences the light transmittance, which decays with the increase of the particle volume fraction. However, the laser power has little influence on it. It can be concluded from Fig. 5 that speckles can hardly be formed when the particle volume fraction is bigger than 0.005%, because the incident laser light can not pass through in that way. Fig. 5 The relationship between the light transmittance, the laser power and the particle volume fraction Speckle patterns recorded by CCD-camera when the laser power is 20mW and the particle volume fractions are respectively 0.001%, 0.002% and 0.003% are shown in Fig. 6 .
It can be seen from Fig. 6 (a) that the speckle pattern is very clear when the particle volume fraction is 0.001%. As shown in Fig. 6(b) , clear speckles can still be seen in the speckle pattern when the particle volume fraction is 0.002%. However, it is found that there is no speckle in Fig.  6 (c) when the particle volume fraction is 0.003%. Therefore, it is concluded that clear speckle patterns can be formed on the screen when the particle volume fraction is between 0.0005% and 0.002%. It can also be observed from the experimental results that speckles formed are dynamic because of the endless irregular movements of nanoparticles, and there is correlation two consecutive speckle patterns recorded by high speed CCD-camera.
LSV for nanofluids that flow in pipe
As illustrated in Fig. 3 , when nanofluids that flow in pipe are illuminated by a monochromatic parallel laser beam, dynamic speckles are formed on the screen. The displacement of the speckles can be obtained by correlating the speckles pairs in the two consecutive speckle patterns recorded by high speed CCD-camera. However, in order to obtain the velocities of the nanoparticles, it is necessary to guarantee that there is a fixed relationship between the velocities of the nanoparticles and the velocities of the speckles.
In order to obtain the relationship between the velocities of nanoparticles and the velocities of speckles, a physical model (submitted in another paper) in which the pipe is divided into plenty of laminas is established and a conclusion is made that the velocity of a speckle formed by the lamina in Fresnel diffraction region is the same as the average velocity of the corresponding several
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Optics Design and Precision Manufacturing Technologies nanoparticles that move in the lamina. Therefore, as long as the nanofluids in pipe flow in laminar conditions and the velocity variation between adjacent laminas is small enough to be neglected, we can make the conclusion that the velocity of a speckle that is formed on the screen placed in Fresnel diffraction region is the same as the average velocity of the corresponding several nanoparticles that move in the nanofluids. According to the theory of fluid mechanics, the nature of the flow in pipe, that is, whether laminar or turbulent, is indicated by Reynolds number, which is defined as [20] R= / vd ρ µ
(1) where v is the average velocity, d is the diameter of the pipe, ρ is the density, and µ is the viscosity.
Laminar flow is defined as flow in which the fluid moves in laminas, one lamina gliding smoothly over an adjacent lamina with only a molecular interchange of momentum. Reynolds found that the fluid flow always becomes laminar when R is less than 2000. Since the particle volume fraction of nanofluid used in our experiment is very small, the density and viscosity of the nanofluid can be considered to be equal to the density and viscosity of water respectively, which are respectively 998.2kg/m 3 and 1.005×10 -3 kg/(m · s) when the temperature of the water is 20°C. The thickness of the pipe is supposed to be 1cm. Therefore, when It is known that the velocity profile of the fluid in pipe is almost uniform over the cross section. The action of the wall shearing stress is to slow down the fluid near the wall. As a consequence of continuity, the velocity must increase and maximize in the central region [20] . Therefore, in order to have a lower radial variation of the particle velocity, the thickness of the pipe should be greater. For in this instance, the velocities of nanoparticles in different laminas can be considered the same. Therefore, as long as the average velocity of the nanofluid is not too fast and the thickness of the pipe is big, each nanoparticle can be considered to move at the same velocity in a laminar that is perpendicular to the axis of the illuminating laser beam.
Since the scattering lights from multiple nanoparticles of each lamina will interfere and form speckles, speckle pattern formed on the screen can be considered to be the superposition of all the speckle patterns formed by all the laminas. Therefore, it can finally be concluded that the velocity of a speckle formed in Fresnel diffraction region is the same as the average velocity of the corresponding several nanoparticles move in the nanofluids when the velocity of the nanofluids is not too fast and the diameter of the pipe is big. In this instance, the velocities of nanoparticles in nanofluids can be obtained by measuring the velocities of speckles. In a word, LSV is verified to be competent for measuring the velocities of nanoparticles in nanofluids that flow in pipe.
Conclusion
Key issues in measuring the velocities of nanoparticles in nanofluids with laser speckle velocimetry are mainly investigated in this paper. First, the experimental setup for LSV to measure the velocities of nanoparticles is established on the basis of considering the optical characteristics of nanoparticle and analyzing the measuring principles of PIV and LSV. Then the light transmittance and speckle patterns at different particle volume fractions are respectively measured and recorded, and it is concluded from the experimental results that clear speckles can be formed when the particle volume fraction is between 0.0005% and 0.002%. Finally, according to the theory of fluid mechanics, it is concluded that, as long as the average velocity of the nanofluid is not too fast and the thickness of the pipe is big, LSV is verified to be a valid method for measuring the velocities of nanoparticles in nanofluids that flow in pipe.
